src homology 2 (SH2) domains of intracellular signaling molecules such as phospholipase C-y and phosphatidylinositol 3'-kinase-associated protein p85 represent recognition motifs for specific phosphotyrosinecontaining regions on activated growth factor receptors. The binding of SH2 domains to activated growth factor receptors controls the interaction with signaling molecules and the regulation of their activities. In this report, we describe the kinetic parameters and binding affinities of SH2 domains of p85 toward short phosphotyrosine-containing peptides with the amino acid sequence motif YMXM, derived from a major insulin receptor substrate, IRS-1, by using real time biospecific interaction analysis (BlAcore). Associations were specific and of very high affinity, with dissociation constants of 0.3 to 3 nM, between phosphopeptides and the two separate SH2 domains contained within p85. Nonphosphorylated peptides showed no measurable binding, and the interactions were specific for the primary sequence very close to the phosphotyrosine residue. Moreover, the interactions between phosphopeptides and SH2 domains of other signaling molecules were of much lower affinity. Interestingly, the binding of the SH2 domains to the tyrosine-phosphorylated peptides was of high affinity as a result of a very high on rate, of 3 X 107 to 40 x 107/M/s; at the same time, the rate of dissociation, of 0.11 to 0.19/s, was rapid, allowing for rapid exchange of associating proteins with the tyrosine phosphorylation sites.
containing regions on activated growth factor receptors. The binding of SH2 domains to activated growth factor receptors controls the interaction with signaling molecules and the regulation of their activities. In this report, we describe the kinetic parameters and binding affinities of SH2 domains of p85 toward short phosphotyrosine-containing peptides with the amino acid sequence motif YMXM, derived from a major insulin receptor substrate, IRS-1, by using real time biospecific interaction analysis (BlAcore). Associations were specific and of very high affinity, with dissociation constants of 0.3 to 3 nM, between phosphopeptides and the two separate SH2 domains contained within p85. Nonphosphorylated peptides showed no measurable binding, and the interactions were specific for the primary sequence very close to the phosphotyrosine residue. Moreover, the interactions between phosphopeptides and SH2 domains of other signaling molecules were of much lower affinity. Interestingly, the binding of the SH2 domains to the tyrosine-phosphorylated peptides was of high affinity as a result of a very high on rate, of 3 X 107 to 40 x 107/M/s; at the same time, the rate of dissociation, of 0.11 to 0.19/s, was rapid, allowing for rapid exchange of associating proteins with the tyrosine phosphorylation sites.
Activation of receptors with tyrosine kinase activity by growth factors promotes tyrosine autophosphorylation and associations with proteins containing src homology 2 (SH2) domains (3, 9, 19, 22, 39, 43) , such as phospholipase C-y (PLC--y) (24, 26, 44) , GTPase-activating protein (GAP) of ras (1, 16, 23, 29) , phosphatidylinositol (PI) 3'-kinase-associated p85 (6, 13-15, 32, 41) , and GRB2 (21) . Specific regions containing phosphorylated tyrosine within platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and fibroblast growth factor (FGF) receptors which are responsible for binding to SH2 domains of signaling molecules have been identified (13-15, 23, 28, 37) . The functional significance of these interactions is not fully understood; however, the ubiquity of the interactions suggests that they serve to mediate phosphorylation events crucial for the control of activity of signaling molecules by both receptor-linked and cytoplasmic tyrosine kinases (3, 4, 9-12, 17, 20, 29-31, 36) . Indeed, it has been recently shown that FGF-induced PI hydrolysis is eliminated by a point mutation of the FGF receptor at Y-766, which prevents the association with and tyrosine phosphorylation of PLC--y (27, 28, 33) . Similarly, elimination of Y-740 and Y-751 of the PDGF receptor abolishes the binding of p85 and stimulation of PI 3'-kinase activity (13) . Important in defining functional significance will be quantitative measures of the kinetics and strength of these interactions.
We have used a new technique for real-time kinetics and affinity measurements, BlAcore (7, 12) , to quantitate inter-* Corresponding author.
actions between the SH2 domains of p85 and the sequence motif YMXM or YXXM. p85 contains one SH3 domain and two SH2 domains (6, 32, 41) , one near the carboxy terminus and one nearer the amino terminus of the protein (Fig. 1) , both of which can interact with certain tyrosine-phosphorylated receptors and oncogenic proteins (11, 18, 25) . Phosphopeptides have been shown qualitatively to bind to SH2-containing proteins (5) . This tyrosine phosphorylation motif was originally identified within the kinase insert region of the PDGF receptor as mediating the binding of that receptor to p85 (13) (14) (15) . The specific tyrosine-phosphorylated sequences that we have used are derived from a recently identified insulin receptor substrate, IRS-1 (42) . IRS-1 is a major substrate both in vivo and in vitro of the insulin receptor kinase (35) . It contains several possible tyrosine phosphorylation sites, including six sites with a motif of YMXM and four with a motif of YXXM. Further, peptides containing the YMXM sequences are excellent substrates for the insulin receptor (40) . It has recently been shown that tyrosinephosphorylated IRS-1 strongly associates with PI 3'-kinase via the SH2 domains of p85 and that phosphorylated YMXM peptides compete for this interaction (2) . Further, phosphorylated IRS-1 associates with p85 in cells and activates PI 3'-kinase in vitro (2) . Hence, in insulin-stimulated cells, phosphorylation of at least some of the YMXM sequences within IRS-1 results in association between IRS-1 and p85 and subsequent activation of the catalytic subunit of PI 3'-kinase. In this report, we show that the SH2 domains of p85 bind to tyrosine-phosphorylated YMXM peptides with dissociation constants of 0.3 to 3 nM. Nonphosphorylated peptides showed no measurable binding. The high-affinity Structures of p85-GST fusion proteins. GST fusion proteins of various regions of p85 were produced in E. coli and purified by affinity chromatography with glutathione-agarose beads as previously described (11) . Shown are the amino-terminal SH2 domain of p-85 (N-p85), the carboxy terminal SH2 domain of p85 (C-p85), and both SH2 domains and intervening sequence of p85 (NC-p85). The GST region of fusion proteins is not presented.
binding is due to a very high on rate, yet a rapid rate of dissociation allows exchange of associating protein with the tyrosine-phosphorylated peptides.
MATERUILS AND METHODS
SH2 domain expression and isolation. The SH2 domains of human p85 were expressed as glutathione S-transferase (GST) fusion proteins as described previously (11) . The protein expression by transformed Escherichia coli HB101
were induced with 1 mM isopropylthiogalactopyranoside (IPTG). The fusion proteins were purified by affinity chromatography on glutathione-agarose beads (Sigma) followed by elution with 15 mM reduced glutathione. Dithiothreitol (10 mM) was included in the lysis buffer and elution buffer. Protein concentration was determined spectrophotometrically by analyzing the A280. The fragments expressed are as follows: the N-terminal SH2 of p85, N-p85 (amino acids 321 to 440), the C-terminal SH2 of p85, C-p85 (amino acids 614 to 724), and both SH2 domains of p85, including the intervening region (amino acids 321 to 724).
Peptide synthesis. An Fmoc-based strategy for sequential peptide synthesis was used in conjunction with standard side chain-protecting groups as described previously (2) .
(OP(PCH3)2] was used for incorporation of phosphotyrosine (2) . Peptides were purified by ether precipitation, gel filtration, and preparative reverse-phase high-pressure liquid chromatography (HPLC) . Analytical HPLC demonstrated that the purified products were a single component; amino acid analysis (ABI 420) and results obtained from plasma desorption mass spectrometry (ABI BioIon) were as expected.
Cross-linking of peptides. Carboxyl groups of the matrix were activated with 50 mM N-hydroxysuccinimide and 200 mM N-ethyl-N'-(3-diethylaminopropyl)-carbodiimide for 3 min, and then 1 mg of pY-628 per ml in 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.5) with 1 M NaCl was injected onto the matrix for 4 min with a flow rate of 5 ,ul/min. All peptides were immobilized by this procedure, except that the concentrations of pY-727 and Y-727 were increased to 5 mg/ml during the reaction. After binding and elution for each curve, 10 mM HCl with 500 mM NaCl was injected to dissociate remaining bound proteins, to regenerate the surface for another round of binding.
RESULTS AND DISCUSSION
Our goal in this study was to measure the kinetic parameters and equilibrium dissociation constants for the binding of SH2 domains of p85 to tyrosine-phosphorylated IRS-1 peptides. Two short peptides containing Tyr-628 and Tyr-727, respectively (see Table 2 ), were immobilized onto a carboxymethyl-dextran polymer attached to a gold-coated surface within a flow chamber (7, 12) . Solutions containing proteins withSH2 domains ( Fig. 1) were flowed through the chamber, and the amount of protein associated with the immobilized molecules was assessed by detection of a surface plasmon resonance signal (7, 12) , which under the conditions used reports changes in the index of refraction (due to concentration of the protein) very near the goldcoated surface. It has been shown before that the resonance signal scales directly with the relative concentration of protein accumulated within the matrix. The peptides were made with phosphotyrosine and attached protecting groups incorporated during synthesis and were checked by reversephase HPLC to demonstrate purity. protein was injected into the flow chamber. Following the injection period, elution buffer was flowed through the chamber. Upon injection, N-p85 bound rapidly to steadystate levels (at the higher concentrations). After injection, N-p85 dissociated slowly from the matrix of phosphopeptide binding sites. At low concentrations of N-p85, longer injection times were used in similar experiments to be sure that steady-state binding was reached. The steady-state level bound at each concentration was analyzed in reciprocal format similar to Scatchard analysis (38) for all of the data recorded. An example of this analysis for binding of N-p85 is shown in the insert of Fig. 2A . The dissociation constants estimated by curve fitting for these data are presented in Table 1 . The highest affinity found was for C-p85 binding to immobilized pY-628, with a dissociation constant of 0.34 nM. The affinity of N-p85 for pY-727 was lower, with a dissociation constant of 3.40 nM. For any of the SH2-containing proteins, no binding to unphosphorylated peptides was seen, as shown for one case in Fig. 2C . In addition, the GST protein alone up to a concentration of 1 mM showed no binding to any of the peptides tested (data not shown).
The interactions between SH2 domains and tyrosinephosphorylated peptides were highly specific. Both SH2 domains of p85 bound to IRS-1 tyrosine-phosphorylated peptides with high affinity. However, the affinities of SH2 domains of other signaling molecules for the peptides were very low: GAP SH2 and PLC-,y SH2 domains bound with affinities reduced by 500-and 1,000-fold, respectively, relative to the binding of N-p85 to the same peptide (43a). We have recently shown that PLC--y SH2 domains bind with high affinity (KD of 1 to 10 nM) to the tyrosine phosphorylation site of the EGF or FGF receptor. However, the affinity of GAP SH2 domains and p85 SH2 domains toward the tyrosine-phosphorylated FGF receptor peptide was comparatively low (43a). Specificity for the interaction was thus demonstrated in both directions, that is, specificity for phosphopeptide sequence and specificity for the SH2 domain.
To determine the relative affinities of several peptides, rather than cross-linking each peptide to the BIAcore dext- sured affinities of pY-628 for N-p85 or C-p85 (Table 2 ). In agreement with the dissociation constants given in Table 1 Fig. 3 ) relative to KD determined for pY-628 binding for C-p85 or for N-p85 (Table 1) . Uncertainties for these values as estimated by the fitting procedures were less than 10% of the values.
fected affinity to different extents. Best in this position were bulky hydrophobic groups or glutamate. BIAcore data can be used directly to study the kinetics of interactions (7, 12) . However, the kinetics of binding for the interactions were not well suited for direct analysis. The amount of N-p85 (e.g., Fig. 2 dR/dt = kon C Rmax -(kon C + koff) R (2) According to equation 2, a plot of dR/dt against R should be a straight line. In Fig. 2B , dR/dt is plotted as a function of R for two of the binding curves of Fig. 2 . The function is biphasic, suggesting that binding is limited by delivery of N-p85 to the surface rather than by association alone. That is, association with the surface is so fast that the concentration of free N-p85 at the surface is lower than the injected concentration; delivery to the surface by flow and diffusion from the region of laminar flow to the surface is relatively slow. In this case, direct measurement of dissociation kinetics is not possible for much the same reason. Before newly dissociated N-p85 can diffuse out of the matrix of binding sites, it rebinds. The problem of transport-limited binding arises only when either the association constant is higher than about 106/M/s or the number of sites on the matrix is very high (34) .
The true rate of dissociation can be measured by preventing rebinding. This is easy to do in most cases, by adding a competing ligand during the dissociation experiment (Fig. 4) , much the same as measuring dissociation of radiolabeled ligand in a standard binding experiment in the presence of Onto a surface with immobilized pY-628 peptide were injected 100 nM C-p85 (C) and 100 nM NC-p85 (NC) alternately as shown. This concentration was more than 100-fold higher than the KD value for each protein (Table 1 ) so that the surface was saturated rapidly. Following the first injections of each, the surface was stripped of SH2 protein by treatment with 10 mM HC1. Because NC-p85 is larger than C-p85, the resonance signal was considerably higher. After the second injection of C-p85, the surface was not stripped. Instead NC-p85 was injected while the surface was nearly saturated with C-p85. If C-p85 had remained bound during this second injection of NC-p85, then binding of NC-p85 would have been greatly reduced; however, the same level of resonance signal was reached as for the first injection. Hence, NC-p85 rapidly displaced C-p85. C-p85 was then injected without stripping the surface. Again the injected SH2 protein, C-p85, displaced the previously bound protein, NC-p85, although not efficiently as had NC-p85. Note that during the third injection of C-p85, instead of a positive slope showing increasing binding to the surface, a more negative slope was seen than before injection (small arrow), reflecting enhanced dissociation of NC-p85 and replacement with C-p85. Following the third injection of NC-p85, the elution was continued for a longer time to demonstrate the slow dissociation from the surface when no competing ligand was added to block rebinding. At the end of the data curve, the surface was stripped with 100 ,uM pY Rapid dissociation in the presence of competing ligand suggests that the SH2-containing proteins can rapidly displace each other from tyrosine-phosphorylated binding sites. This is directly demonstrated in Fig. 5 , in which saturating concentrations of C-p85 and NC-p85 were alternately injected onto a surface with immobilized pY-628. Since NCp85 is considerably larger, it gives a higher resonance signal. When NC-p85 was injected, the same high resonance signal was rapidly reached whether it was injected onto an empty surface (first injection of NC-p85) or onto a surface saturated with C-p85 (second injection of NC-p85). Hence, despite the fact that the SH2 interactions are of high affinity, different SH2-containing proteins can rapidly exchange.
We have measured the kinetics and affinities for a purified system with short phosphopeptide fragments immobilized on a dextran polymer and free proteins containing SH2 domains within the BIAcore apparatus. We note that the binding parameters determined may not be identical to those for the native molecules within cells. In particular, attachment of a short peptide to a matrix may affect the structure and affinity of the peptide toward a binding protein. Further, a short peptide in isolated form may bind differently from the same peptide sequence within the larger natural protein. In an additional series of similar experiments, however, we have found that the phosphorylated intracellular domain of the EGF receptor binds with the same kinetics to SH2 proteins derived from PLC-,y as do short phosphopeptides isolated from the receptor (43a). In addition, if the binding of phosphopeptides to SH2 proteins was multimeric, then the affinities determined could have been incorrect because of avidity effects. However, multimeric interactions were unlikely, since changing the amount of peptide cross-linked to the surface over a 10-fold range had little effect on measured affinity constants (data not shown).
The quantitative data presented support the notion that the IRS-1 protein is important to signal transduction initiated by insulin binding to the insulin receptor (2, 40, 42) . In addition, our study represents an attempt to understand the organization behind the complexity of SH2 interactions in quantitative terms. The ability to quantitate the kinetic parameters and dissociation constants and hence the exact specificities for all possible SH2-phosphotyrosine interactions will be very important. The features that we have seen from the quantitation of interactions between p85 and the IRS-1 phosphotyrosine sequences are as follows. Interactions are specific in several ways: very specific for phosphorylated as opposed to unphosphorylated tyrosine sequences, specific for the primary sequence very close to the phosphotyrosine, and specific for the SH2 domains of different cellular proteins. Further, the interactions are very high in affinity. Inside the cell where local concentrations are often high, such a high-affinity interaction would be essentially irreversible. Interestingly, our data suggest that the nature of the interactions lends itself to very specifically controlled reversibility. Despite the high affinity, off rates are very high, so that proteins binding to the phosphotyrosine sequences, including presumably SH2 domain-containing proteins and tyrosine phosphatases, can rapidly exchange. Coupled with this, affinity is greatly reduced for unphosphorylated peptides. Hence, despite high affinity, the interactions could be controlled rapidly and quantitatively by phosphorylation and dephosphorylation. It will be important in these regards to quantitate the interactions between a wide range of phosphotyrosine peptides and of tyrosine-phosphorylated receptor domains with SH2-containing proteins both to determine the hierarchy of affinities and to determine whether the features that we have observed are generalized features for these signaling interactions. 
